Background: The long-term effects of chemotherapy are sparsely reported. Peripheral neuropathy (PN) is one of the most frequent toxicities associated with taxane use for the treatment of early-stage breast cancer. We investigated the impact of the three different docetaxel-based regimens and patient characteristics on long-term, patient-reported outcomes of PN and the impact of PN on long-term quality of life (QOL). Methods: The National Surgical Adjuvant Breast and Bowel Project Protocol B-30 was a randomized trial comparing sequential doxorubicin (A) and cyclophosphamide (C) followed by docetaxel (T) (AC!T), concurrent ACT, or AT in women with node-positive, early-stage breast cancer. The AC!T group had a higher cumulative dose of T. PN was one of the symptoms assessed in a QOL substudy. Statistical methods included simple and mixed ordinal logistic regression and general linear models. All statistical tests were two-sided. Results: Of 1512 patients, 41.9% reported PN two years after treatment initiation. Treatment with AT and ACT was associated with less severe long-term PN compared with AC!T (odds ratio [OR] ¼ 0.45, 95% confidence interval [CI] ¼ 0.35 to 0.58; OR ¼ 0.59, 95% CI ¼ 0.46 to 0.75). Preexisting PN, older age, obesity, mastectomy, and greater number of positive nodes were also associated with higher risk of long-term PN. Patients who reported worse PN symptoms at 24 months had statistically significantly worse QOL (P trend < .001). Conclusions: The administration of docetaxel is associated with long-term PN. The lower rate of long-term PN in AT and ACT patients might be an important consideration in supporting choosing these therapies for individuals with preexisting neuropathic symptoms or other risk factors for neuropathy.
Peripheral neuropathy (PN) is one of the most frequently occurring toxicities associated with taxane use for the treatment of patients with early-stage breast cancer. It usually arises during treatment and continues to burden patients for many years (1) . Even though it is a well-known adverse effect of this class of drugs, the long-term effects of chemotherapy are rarely reported, and investigations about the duration or persistence of PN are limited (2) (3) (4) (5) , especially including patient-reported outcomes (PROs). Neuropathy is a common complication that could result in chemotherapy dose reduction, but there is no evidence that this toxicity is associated with a higher risk of recurrence or inferior survival (6) . At the same time, however, chemotherapy-induced PN may adversely affect long-term quality of life (QOL) (2, 7) .
The co-authors of this article conducted a systematic review to investigate the long-term effects of commonly used breast cancer adjuvant chemotherapy regimens on PN (8) . Of 360 articles identified for potential inclusion, only five reported at least one year of post-treatment data (2) (3) (4) 9, 10) .
The persistence and severity of docetaxel-induced patientreported PN were investigated by Eckhoff et al. (2) using mail-in questionnaires, with the timing of the assessment ranging from 12.7 to 38.8 months from random assignment. Hershman et al. (3) reported on the prevalence and severity of long-term patient-reported PN in a cross-sectional study among patients who were within six and 24 months of completing adjuvant taxane therapy and in a small prospective study in patients initiating taxane therapy with longitudinal assessment up to 12 months after completing therapy. Pereira et al. (9) focused on evaluating the incidence of chemotherapy-induced PN during the first year after diagnosis. Fontes et al. (4) , in the updated analyses of the same cohort, reported on the one-and threeyear prevalence of PN. PN was quantified using the Common Terminology Criteria for Adverse Events (CTCAE). In another phase III clinical trial, the prevalence of persisting PN was reported as part of the toxicity profile of the investigational chemotherapy regimens (10) .
The findings of the review clearly demonstrated a lack of information about PN persistence in early-stage breast cancer patients beyond the initial treatment period. Our review noted this important gap in the literature and called for additional well-conducted research to evaluate the prevalence of PN beyond the acute phase of treatment to better understand the nature and mechanisms of persistent chemotherapy-induced PN as well as potential factors associated with it.
The National Surgical Adjuvant Breast and Bowel Project (NSABP) Protocol B-30, a multicenter randomized trial (Clinical Trials registration: NCT00003782 [11] ), compared the effects of three different chemotherapy regimens: adjuvant doxorubicin (A) and cyclophosphamide (C) followed by docetaxel (T) (AC!T); doxorubicin and docetaxel (AT); or doxorubicin, cyclophosphamide, and docetaxel (ACT) on disease-free survival (DFS) and overall survival (OS) in patients with node-positive, early-stage breast cancer (12) . The superiority of the sequential AC!T in terms of DFS compared with AT and concurrent ACT regimens was established (hazard ratio [HR] ¼ 0.80, P ¼ .001, and HR ¼ 0.83, P ¼ .01, respectively). Sequential administration of AC and T provided a statistically significant reduction in mortality over AT (HR ¼ 0.83, P ¼ .03). The reduction in OS with AC!T compared with ACT was not statistically significant (HR ¼ 0.86, P ¼ .09). Patients on AC!T reported worse QOL and overall severity of symptoms at six months (13) . The treatment differences in QOL and overall symptom severity resolved by 12-month assessment. However, all patients continued to report worse symptoms compared with the baseline assessment for the duration of follow-up.
In the study reported here, we used data collected in B-30 to investigate the impact of three docetaxel-based chemotherapy regimens, which varied in duration and composition, on PROs of PN. We evaluated the prevalence and severity of PN over time and the impact of PN on long-term QOL, and we examined the factors associated with long-term PN.
Methods

Patients
Women participating in NSABP B-30 had node-positive operable breast cancer. Endocrine therapy was planned for all patients whose tumors were ER positive and/or PgR positive. If indicated, radiotherapy was administered after chemotherapy. The random assignment was performed in 1 was planned for AT and concurrent ACT, with a higher total dose of docetaxel for sequential AC!T. The QOL substudy was conducted in a subset of consecutively enrolled B-30 patients (13). Women were assessed for QOL and symptom severity at baseline (prior to administration of chemotherapy), during chemotherapy (day 1 of cycle 4), and then at 6, 12, 18, and 24 months. QOL was measured with the Functional Assessment of Cancer Therapy-Breast Trial Outcome Index (FACT-B-TOI) (14) , which ranges from 0 to 92, with a higher score being better. A five-point difference in FACT-B-TOI score is considered to be clinically meaningful (15) . Symptoms were assessed using items from the Breast Cancer Prevention Trial symptom checklist and other treatment toxicity questions (16) . Responses, based on a symptom experienced in the past seven days, were recorded on a five-point scale (from a "bother" rating of 0 [zero] ¼ "not at all" to 4 ¼ "very much"). At each assessment point, patients were asked to indicate how much they were bothered by numbness or tingling in hands or feet. The severity of PN was quantified based on the patients' responses to this questionnaire item. The presence of PN was defined as any "bother" level. Data on all B-30-eligible patients who submitted the baseline QOL questionnaire and at least one follow-up questionnaire with nonmissing assessment of PN were included in this report.
The B-30 study was approved by the ethics committees or institutional review boards of all participating centers, in accordance with an assurance filed with and approved by the Department of Health and Human Services. All participants provided written informed consent.
Statistical Analysis
The severity of PN symptoms over time (day 1 of cycle 4, and 6, 12, 18, and 24 months) was analyzed using a mixed effects ARTICLE ordinal logistic regression with patients' random effects (PROC GLIMMIX). Treatment, PN at baseline, and assessment point were considered categorical covariates. Presence of time-bytreatment interaction was investigated. A statistical significance level of .05 was used. All statistical tests were two-sided. Ordinal logistic regression modeling was used to evaluate the association of different factors with the severity of neuropathy 24 months after random assignment (PROC LOGISTIC). A stepwise selection approach was used to identify a subset of potentially influential covariates. Items with a univariate P value of .2 or less were entered into the model in the order of their P values, starting with the most statistically significant. Those with a P value of .1 or less were retained in the model. Then, a stepdown elimination process removed the covariates, starting with the least statistically significant, keeping those with a P value of .05 or less. The estimates of the odds ratios (ORs), which quantify the ratio of odds of experiencing a more severe PN vs a less severe PN, and corresponding 95% confidence intervals (95% CIs), were obtained from the final multivariable model. Differences in the FACT-B-TOI at the 24-month assessment point were compared among patients reporting different levels of PN by means of the general linear model applying the linear test of trend (PROC GLM). All analyses were performed with SAS software (Version 9.4, Cary, NC).
Results
Patient Characteristics
A total 5351 patients were randomly assigned to treatment groups in B-30. Among these, 2156 were included in the QOL substudy (13) . A total of 2051 were eligible for the current analyses. Patient and tumor characteristics of these QOL substudy participants are presented in Table 1 . There were no statistically significant differences observed among the treatment groups. Women who participated in the QOL substudy and were included in the current analyses were somewhat younger (<50 years; 50.1% vs 42.2%) and less obese (37.5% vs 32.4% with normal body mass index [BMI]) than the rest of the patients in the trial. Slightly more white women had data that were included in these analyses (86.2% vs 81.0%).
Longitudinal Analysis
Approximately 15.8%, 19.1%, and 20.7% of women in the AC!T, AT, and ACT treatment groups, respectively, presented with some level of PN at baseline (Table 1) , with 10.7%, 13.3%, and 13.6% reporting a "bother" rating of 1: "a little bit." The percentage of patients reporting any level of PN increased to 18.6%, 22.3%, and 25.7% for the on-treatment assessment (day 1 of cycle 4; occurred before the AC!T group had received any T), and to 68.2%, 33.3%, and 37.7% for the 6-month assessment, respectively. For patients on AT and ACT, the percentages of those with PN remained approximately at the same level later on, up to 24 months. The percentage of patients on AC!T who reported having PN decreased to 56.4% at 12 months and to 49.8% at 24 months, remaining higher than either of the two other treatment groups. The effect of treatment on the severity of PN was statistically significantly different over time (overall time-by-treatment P interaction < .001). Women treated with sequential AC!T had higher odds of having a symptom of greater severity at six months or later than did patients on the other two regimens (ORs for AT and ACT vs AC!T ranged from 0.06 to 0.40). The relationship was reversed for the on-treatment assessment, with AT and ACT patients having higher odds of experiencing PN of greater severity than patients on the sequential regimen (OR ¼ 1.40, 95% CI ¼ 0.94 to 2.09, and OR ¼ 1.85, 95% CI ¼ 1.24 to 2.74, respectively) (Table 2, Figure 1 ).
Long-term PN
The 24-month assessment was available for 1512 patients. Overall, 41.9% experienced PN at 24 months, with 10.3% reporting a severe symptom ("quite a bit"/"very much" "bother" level). Factors associated with the severity of PN at 24 months in univariate analysis included chemotherapy regimen, PN symptoms at baseline, age, BMI, menopausal status, type of surgery, receipt of radiotherapy, and nodal status. The final set of characteristics independently associated with long-term PN is presented in Table 3 . Treatment with AT and ACT was associated with less severe longterm PN compared with AC!T (OR ¼ 0.45, 95% CI ¼ 0.35 to 0.58; OR ¼ 0.59, 95% CI ¼ 0.46 to 0.75, respectively). Presenting with PN symptoms before receiving chemotherapy statistically significantly increased the odds of having neuropathy of greater severity at two years (OR ¼ 2.67, 95% CI ¼ 2.08 to 3.43, P < .001). Among patients with no PN symptoms at baseline, 46.9%, 28.7%, and 36.1% of AC!T, AT, and ACT patients, respectively, reported having symptoms at 24 months, with 15.2%, 4.3%, and 6.1% having severe symptoms. At the same time, among patients who reported having symptoms at baseline, 65.4%, 62.2%, and 63.0% of patients in the AC!T, AT, and ACT groups reported having PN symptoms at 24 months, with 25.6%, 12.2%, and 17.0% having severe symptoms. Older, overweight women who had mastectomy as definitive surgery and more than three positive nodes were at higher risk of being bothered by PN symptoms 24 months postsurgery.
PN and QOL
Patients who reported long-term PN symptoms of greater severity had statistically significantly lower QOL (P trend < .001) (Figure 2 ). The average reported TOI scores ranged from 57.98 in patients who reported they were "very much" bothered by the symptom to 76.79 in patients without PN symptoms present. The adjustment for treatment and other clinically important factors did not change the conclusions (results not shown).
Discussion
Taxanes are effective chemotherapeutic agents for patients with early-stage breast cancers. However, the administration of this class of drugs can cause a myriad of side effects, with chemotherapy-induced PN being the most common toxicity experienced. This potentially debilitating toxicity arises during treatment, and although it gradually subsides after treatment cessation (17) , symptoms may continue to persist beyond treatment in a substantial percentage of patients. Even though it is a standard practice of clinical trials to formally evaluate toxicities while patients are on treatment, the reporting of long-term assessments is usually very limited (8) .
The data collected in NSABP B-30 provided us with an opportunity to add to the limited knowledge on PN persistence after treatment with docetaxel-based chemotherapy regimens. The rigorous design of this randomized phase III clinical trial ensured a consistent evaluation of patient and tumor characteristics and a uniform PROs data collection from all patients included in the QOL substudy at baseline and at up to two years of follow-up.
Forty-two percent of B-30 patients reported PN two years after treatment initiation. This is consistent with Eckhoff et al. (2) , who reported that 43% of patients on adjuvant docetaxel experienced symptoms of PN one to three years after treatment. Treatment with AC!T, having PN symptoms before chemotherapy, older age, obesity, mastectomy, and greater number of positive nodes were identified as having independent association with long-term PN in our sample. Although age is a known risk factor for PN in general populations (18) , older breast cancer patients also were reported as being at higher risk for having PN (2). In general, paresthesia, other symptoms of PN, and sensory disturbances are frequent complications of breast cancer surgery and axillary lymph node dissection (ALND) (19) (20) (21) (22) . Because all B-30 patients were required to have undergone ALND, the increased risk of long-term PN in patients who presented with a larger number of positive nodes might be expected. Even one year after the surgery, mastectomy patients continue to report statistically significantly more numbness in the operated breast region or in the ipsilateral arm than lumpectomy patients (23), which might predispose them to the greater level of long-term PN observed in our study. Still, the relationship between surgery and long-term PN are contradictory in the literature (9, 22, 24) . Obesity was also associated with higher risk for long-term PN in another recent observational cohort study of breast cancer patients (25) . The reports on whether the patients with a history of diabetes are predisposed to the development of chemotherapy-induced PN are also inconsistent (9, 26) . Comorbidity data were not collected in our trial and were not able to investigate this association. PN ¼ peripheral neuropathy. †Presence of patient-reported peripheral neuropathy at baseline was defined based on the patients' responses on how much they were bothered by numbness or tingling in hands or feet in the past seven days. "No" ¼ "bother" rating of 0 ("not at all"); "yes" ¼ "bother" rating ranging from 1 ("a little bit") to 4 ("very much").
ARTICLE
The onset of chemotherapy-induced PN generally depends on the cumulative dose of the taxane agent (17) . In B-30, patients on AC!T received a regimen with a higher cumulative dose of docetaxel (400 mg/m 2 ) than did the other two groups (300 mg/m 2 or 240 mg/m 2 before dose modification) (12) . This and the longer duration of treatment, 24 weeks for AC!T vs 12 weeks for AT and ACT, are likely the causes for the greater severity of neuropathy at the 6-month assessment and thereafter. This dose relationship with long-term neurotoxicity was also observed in Pereira et al. (9) . Based on the self-report, the prevalence of PN in B-30 patients at baseline was elevated but within the expected range for the study's patient population (3) . The timing of baseline assessment in our study, before initiation of chemotherapy but after the completion of surgery with ALND, could potentially explain these higher numbers. In our study, when patients rated their symptoms at baseline, they could have been considering both preexisting neuropathic symptoms (eg, numbness in the feet) from diabetes or from their recent surgery (eg, numbness in the hand). When they rated their symptoms subsequently, they could have been reflecting completely new symptoms or an exacerbation of their prior symptoms. These types of assessments did not ask for Patients were asked to indicate how much they were bothered by numbness or tingling in hands or feet. Responses, based on a symptom experienced in the past seven days, were recorded on a five-point scale (from a "bother" rating of 0 ¼ "not at all" to 4 ¼ "very much"). A ¼ doxorubicin; C ¼ cyclophosphamide; T ¼ docetaxel.
attribution but evaluated whether a symptom existed and its severity. The lack of any objective measurement of PN could be considered a potential limitation of our study. However, even though quantitative sensory testing (QST) and other techniques can be used for the objective assessment of neurotoxicity (3, 27) , their application in clinical trials and, particularly, in the general practice setting can be labor intensive and costly in terms of time and resources. At the same time, there is an evidence that PROs could be successfully used in identifying patients with PN. Hershman et al. (3) used both QST and PROs to quantify the severity of PN and showed that the changes over time in the PROs were statistically significantly associated with the changes in vibration threshold testing. The standard approach for evaluating treatment-related symptoms in cancer clinical trials by physicians uses the National Cancer Institute's CTCAE.
However, it has been recognized that physicians underreport and underestimate symptom severity compared with patients' assessments (28) . Several PRO scales to evaluate PN exist (29) (30) (31) (32) (33) . Recently, a PROs version of the CTCAE measurement system (PRO-CTCAE) was developed as a companion to CTCAE (34) . Two items in PRO-CTCAE assess the severity of PN and its interference with daily activities. The item used to evaluate PN symptoms in our trial was very similar to the severity item in PRO-CTCAE. Either of these can be easily implemented in the clinic to identify patients experiencing symptoms at baseline and therefore more likely to be bothered by a long-term PN.
Currently, no effective agents have been recommended for the prevention of chemotherapy-induced PN (35) . Therefore, it is important to identify patients before the administration of chemotherapy who are potentially more susceptible to the development of this adverse event. Several studies have identified AT ¼ doxorubicin and docetaxel; CI ¼ confidence interval; NSABP ¼ National Surgical Adjuvant Breast and Bowel Project; OR ¼ odds ratio. †PN symptom was evaluated by patients on a five-point scale (from a "bother" rating of 0 ¼ "not at all" to 4 ¼ "very much"). ‡Odds ratio of experiencing greater severity of numbness symptom. §Two-sided P value based on the likelihood-ratio test. kPresence of patient-reported peripheral neuropathy at baseline defined based on the patients' responses on how much they were bothered by numbness or tingling in hands or feet in the past seven days. "No" ¼ "bother" rating of 0 ("not at all"); "yes" ¼ "bother" rating ranging from 1 ("a little bit") to 4 ("very much").
single nucleotide polymorphisms that correlate with taxaneinduced neuropathy in breast cancer patients (36) (37) (38) (39) ; however, independent validation of these biomarkers is required. Cumulative taxane dose was strongly associated with higher rates of long-term chemotherapy-induced PN. The lower rate of PN in patients who received adjuvant doxorubicin and docetaxel (AT) or concurrent doxorubicin, cyclophosphamide, and docetaxel (ACT), both of which employed lower cumulative doses of docetaxel, might be an important factor to support the choice of these therapies for individuals with preexisting neuropathic symptoms or other risk factors for neuropathy because the differences in survival and disease-free trial outcomes for these regimens were of modest magnitude compared with the higher-dose taxane-containing regimen (12) . The choice of chemotherapy regimen should include consideration of long-term adverse effects and informed decision-making that involves patients in the process.
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